In a nuclear power plant, one of the important issues is evaluation of the safety of reactor core and its pipes when an earthquake occurs. Many researchers have conducted studies on constructions of plants. Consequently, there is some knowledge about earthquake-resisting designs. However the influence of an earthquake vibration on thermal fluid inside a nuclear reactor plant is not fully understood. The aim of this study is to clarify the influence of vibration of construction on bubbly flow structure. In order to investigate it, we visualize changing of bubbly flow structure in pipeline on which sine wave is applied. Bubbly flow is produced with injecting gas into liquid flow through a horizontally circular pipe. In order to vibrate the test section, the oscillating table is used. It was clarified that the behavior of liquid phase and bubble through horizontal circular pipes was affected by an oscillation. And it was indicated that the velocity field around bubble when the oscillation was added showed different behavior from the oscillation was not added. Moreover as compared with two-phase flow simulation code with an advanced interface tracking method TPFIT results, the experimental result showed good coincidence.
Introduction
There are many studies about the evaluation of the safety of nuclear power plant when an earthquake occurs. For example, a seismic performance experiments of the reactor core and its pipes have been conducted to study about earthquake-resistant design. And detailed investigations and analysis of ground have been also conducted. As a result, a plant was built on the ground which was the least affected by seismic vibration. Furthermore as a safety system, when the vibration which is larger than the certain value occurs, the core is stopped. However, the influence of an earthquake vibration on thermal fluid inside a nuclear reactor plant is not fully understood. Especially, there is little knowledge of how coolant and void fraction in a core response when earthquake acceleration is added. The void fraction in the coolant is one of the important parameters to determine the thermal power of the core part. And the fluctuation of void fraction is expected to affect the power of the plant. Therefore, in order to understand the influence of the earthquake vibration on the reactor core, breakthrough about a kinetic response of fluid to structural vibration is required.
In the previous studies on the response of fluid to structural vibration, Richardson, et al. (1930) investigated the cross-velocity distribution in an oscillatory pipe flow. They found that the maximum axial velocity in oscillatory flow occurred near the wall rather than at the center of the pipe as in the case of unidirectional steady flow in a pipe. Womersly, et al. (1955) showed that, in oscillatory flows, the interaction between viscous and inertial effects would alter the velocity profile so that the flow would not be similar to the parabolic shape of a steady laminar flow. Rajashekhar, et al. (2008) investigated the effect of heaving on the flow in a single vertical tube with experiment. They supposed that the magnitude of flow rate oscillations is less pronounced compared to laminar flow. Otake, et al. (2010) investigated the influence of vibration of a heated surface on the boiling heat transfer with oscillating table. They supposed that the addition of the oscillation caused increase of critical heat flux. Chen et al. (2010) also studied the effects of vibration on flow characteristics in subcooled boiling two-phase flow. They conducted the experiment that a flow channel including heating part was oscillated in vertical direction. As a result, they found that the void fraction in Experimental study on behavior of horizontal bubbly flow under structure vibration the test section was fluctuated by adding the oscillation, and the fluctuation of the void fraction was correlated to the oscillation frequency and amplitude. Hirano, et al. (1996) analyzed response of the power in the core when seismic acceleration was added with improved Transient Reactor Analysis Code-BF1 (TRAC-BF1). They supposed that the power and the flow rate of coolant entering into the core were fluctuated with the oscillation. And they also concluded that a resonance happened and the violent fluctuation arose in the particular frequency. Misawa, et al. (2010) also analyzed boiling two-phase flow structure in a fuel assembly when a sine wave oscillation was added with Advanced Code for Evaluation of the 3-Dimensional Two-Phase Flow for Model Development (ACE-3D). They evaluated the correlation between the oscillations and fluctuations of void fraction. As described above, some studies about the response of two-phase flow to the oscillation were carried out. However, the detailed mechanism about a kinetic response of gas and liquid phase is not investigated enough. And there are not sufficient experimental data to estimate the accuracy of the two-phase analysis code which consider the influence of seismic vibration. It is required to investigate the effect of oscillation on the gas phase, the element of heat transfer and void fraction. Therefore the objective of this study is to clarify the influence of structure vibration on bubbly flow structure and obtain detailed data to assess the accuracy of demonstration performance of analysis code. Especially, the bubble behavior in the two-phase flow, a diameter, shape and velocity which are expected to be influenced from the oscillation are investigated.
In the experiment, by injecting a gas into a liquid streaming through a horizontal circular pipe, bubbly flow is formed and injected to a test section. This test section is installed on an oscillation table which can add both simulated seismic vibration and sinusoidal vibration. The flow field oscillated with the table is observed with a high speed camera. Characteristics of bubble behavior as bubble diameter, shape and velocity are measured from observed images. Furthermore measuring the velocity field around bubbles, the correlation between the liquid velocity field and the fluctuation of the bubble behavior is investigated.
Furthermore, two-phase flow simulation code with advanced interface tracking method TPFIT results showed an experimental result and good coincidence in the flow field around a bubble and the bubble behavior. Figure 1 shows the schematic diagram of the experimental apparatus. It consists of a water tank, N 2 cylinder, a compressor, a gas-water mixer, a test section, an oscillating table, and measurement system. In the gas-water mixer, gas-liquid two phase flow is produced with water supplied from tank and N 2 gas supplied Fig. 1 Experimental apparatus. After passing the fixed amount of streams with the pump and passing a fixed air mass flow with a regulator, vibration is given by a vibration table.
Experiment Apparatus
from the N 2 cylinder, and supplied to the test section. Figure 2 (a) shows the drawing of gas-water mixer and the shot of gas injection. The N 2 gas is injected from the nozzle (inner diameter: 0.58 mm). And the bubbly flow is formed and injected to the test section.
Figure 2 (b) shows the picture and schematic of the test section. It is made of transparent acrylic suited for visualization. The diameter of the pipe is 14 mm and length is 400 mm. This circular pipe is covered with an acrylic water jacket to prevent the effect of reflection index. In addition, the pressure sensors are installed at the inlet and outlet of the test section. Then the pressures at the ends of test section are measured.
The test section and the gas-water mixer are set on the oscillating table which can add one-dimensional vibration (Mizuno, et al. (2011) ). The maximum acceleration the oscillation table can generate is 2.0 G (19.6 m/s 2 ), and the frequency can be adjusted from 0.1 Hz to 100 Hz. The kinds of oscillatory waveform which the oscillating table can produce are sinusoidal wave and seismic wave. In the observation, a high speed video camera (Photoron Co. Ltd, FASTCAM-MAX) is used to observe the flow in the test section. The camera is also fixed on the table. Thus the same area is observed and relative velocity between the camera and the test section is ignored and observe flow on the oscillation table system.
Numerical simulation 3.1 Method of TPFIT
The bubbly flow in horizontal pipe under the structure vibration is simulated by using the TPFIT. Therefore, the experimental result is compared with TPFIT results. TPFIT is one of the VOF (Volume Of Fluid) method. In the TPFIT, considering the time-dependent Navier-Stokes equation for compressible flow, conservative equations of mass of both phases, momentum and energy.
Numerical domain is divided the numerical grid which can capture the shape of gas-liquid interface and it track the position of gas-liquid interface by solving an equation to calculate the change volume ratio of liquid phase as shown in 
Analytical model and boundary conditions
Figure3 show numerical model of horizontal circular pipe, the diameter of across is 14 mm and length is 400mm. Numerical grids are ∆x=0.25mm, total number of numerical grid is 5017600 (56×56×1600). Bubbles were injected by replacing the liquid to gas, thus the diameter of initial bubbles were 4mm. In order to same experimental condition give flow rate fluctuation at the inlet. Flow rate fluctuation value is taken experiment value by flow meter.
Experimental Condition 4.1 Oscillating condition
Table1 shows the experimental condition about the oscillation. The added wave form is sinusoidal wave. The acceleration and frequency are set at the oscillating table. These set values are based on the actual seismic maximum acceleration amplitude and the range of acceleration response spectrum. And the direction of oscillation for the flow is parallel.
Flow condition
Table2 shows the experimental condition about the liquid and gas phase flow. About liquid flow conditions, the cross-sectional average flow velocity (hereinafter referred to as liquid velocity); j l is defined with the following equation.
.
Where, Q l denotes the volume rate of liquid and A p denotes the cross section area of the pipe. To order the flow in the test section with dimensionless quantities, the liquid Reynolds number Re l is defined with the following equation
Where, D denotes the hydraulic equivalent diameter and γ denotes the kinetic viscosity of water. In the test section, D = 
Where, Q G denotes the volumetric flow rate of air. In the present experiment, β was set 0.05 ≦ β ≦1.0 in each liquid velocity condition. As a size of a bubble, in this study, the bubble diameter d is defined with the following equation.
Where N denotes the number of pixels enclosed by the contour of the bubble and S denotes actual area of a pixel. The contour of bubble is extracted with image processing technique in the binarized image.
Bubble Shape
In order to evaluate the bubble shape and estimate its deformation quantitatively, the aspect ratio A [-] is defined with the following equations.
Where ∆y and ∆x denote the vertical and horizontal length of the bubble.
Bubble Velocity of Horizontal Direction
The bubble velocity of horizontal direction u b is calculated with the shift of distribution about the pixel number of consecutive images of bubbles. Firstly the correlation coefficient r is calculated with the following equation. 
Where Δt denotes the resolution time of the images.
Calculation of velocity vector around bubble
To investigate the correlation between the liquid velocity field around bubbles and the bubble motion, PIV measurement is conducted in the bubbly flow as is the case with liquid single phase. Image resolution is 0.02916[mm/pixel] during the experiment. And the calculation of velocity vectors around bubbles is conducted. Figure  5 shows the schematic of optical and shooting system of a PIV measurement in the bubbly flow. It is supposed that if a laser sheet goes into the test section from the upper surface, the laser light is scatted with the bubbles near the upper wall. So tracer particles are not fully illuminated. To illuminate tracer particles, the laser is made sheeted on the oscillating table and goes into the test section from the bottom. The particle images with the laser reflection and the bubble images by the backlight of LED array were observed simultaneously with one camera. Figure 6 (a) is the example of obtained the image. For this image, the mask procession was conducted as shown in Fig.6 (b) . And the PIV measurement was conducted for the masked images and the velocity field around bubble was calculated as shown in Fig.6 (c) . Furthermore in order to investigate correlation between liquid and bubble behavior more detail, the velocity distribution of the liquid phase on the bubble coordinate system was calculated. The calculation about velocity distribution on the bubble coordinate system was conducted by deducting the average horizontal bubble velocity from the horizontal component of liquid phase velocity. 
Experimental Result and Discussions 6.1 The effect of vibration on liquid behavior
About liquid phase behavior in oscillating condition, the flow rate that is calculated based on the obtained velocity field. Figure 7 shows the time series of flow rate of liquid velocity 0.5 m/s without oscillation and with oscillation (a =1.0 G, f= 5.0 Hz), and table velocity. If oscillation was added, the flow rate fluctuated in the opposite phase to the table velocity.
The velocity distributions in the y-direction were also calculated by the PIV method. Figure 8 shows the horizontal velocity distribution to vertical position in the condition liquid velocity 0.5m/s, acceleration 1.0 G, frequency 5.0 Hz. In the figures, time averaged distribution without oscillation was also shown. The distribution was separated in each phase time, (1) ft = n, (2) ft = n + 1/4, (3) ft = n + 1/2, (4) ft = n + 3/4, ( n = 0,1,2…) in the case v t = v 0 sin(2π ft). And, in Fig.  8 (a) , the distribution was evaluated on the oscillation table system. On the other hand, in Fig. 8 (b) , the velocity distribution was shown in the absolute coordinate system by adding table velocity: v t to the velocity distribution in the oscillation table system. On the oscillation table system, it was indicated that the velocity in the central part of the pipe fluctuated in the opposite phase of the table velocity. However the velocity in the central part of the pipe in the absolute coordinate system fluctuated in the same phase of the table velocity. It is thought that, in the central part of the pipe, a body force whose direction was opposite to added acceleration from the oscillating table added to the liquid phase. And 
the liquid velocity fluctuated in the opposite phase to the table velocity on the oscillating table system. However, velocity near the wall surface was almost 0 m/s at any phase time on the oscillating table system and fluctuated in the same phase to the table velocity in absolute coordinate system. Near the wall surface, the oscillation of the wall surface was transferred to the liquid phase by viscous force. Figure 9 shows the fluctuation rate of horizontal velocity for table velocity in the absolute coordinate system ( = {( u l -average u l ) + v t }/v 0 ) to the vertical position. The tendency of liquid velocity near the wall surface to follow the wall vibration is indicated. Figure 10 shows the velocity fields around bubbles in the bubble coordinate system at each phase time in the condition j l = 0.5 m/s, β = 0.06, a = 1.0 G, f = 10.0 Hz. The velocity in the bubble coordinate system was defined as the relative velocity to the bubble. To calculate relative velocity, the velocity of the bubble was required and evaluated as shown in Fig.11 . In the evaluation process of the velocity of bubbles, low pass filtering process was conducted for measuring results of horizontal velocity of bubble to get smooth and realistic results. The vertical component of velocity of the bubble was considered as zero in this process. The filtered horizontal bubble velocity was subtracted from a horizontal component of the liquid phase velocity of the oscillation table system, and velocity distribution around bubble in the bubble coordinate system was evaluated. As shown in Fig. 10 (a) , when the table velocity was zero and the acceleration of the table was positive, the relative velocity at center part of the pipe was small. This is considered to be because for bubbles and the liquid phase to slow down similarly. And the bubble aspect ratio was relatively small. This results from bubble modification in Fig.10 (d) . In Fig. 10 (b) , when the table velocity was maximum (ft = n + 1/4), the velocity in front of the bubble was small. When the table velocity was zero and the acceleration of the table was negative (ft = n + 1/2), the relative velocity at center part of the pipe was increased, and a vortex (counter clockwise in the figure) appeared in front of the bubble. It is thought that the cause which this vortex generated is because the relative velocity of the liquid phase of air bubbles and the circumference of air bubbles became large. When the table velocity was minimized, the inclination angle of the bubble was increased and the vortex observed in Fig. 10 (c) was not clear in Fig. 10 (d) . And the relative velocity at center part of the pipe was relatively large.
The velocity vector around bubble in vibration condition
Numerical results by the TPFIT were also shown in Fig10. As shown in Fig. 10 (a) and (b), TPFIT result consistent with the experimental result in bubble behavior and velocity field around the bubble. In Fig. 10 (c) and (b) , TPFIT result carried out coincidence comparable as an experiment in a vortex of the bubble front , bubble shape and velocity field along the bubble. Hence, flow behavior, bubble behavior and velocity field around the bubble, observed in the experiment were also validated in the numerical results qualitatively. In order to verify applicability of the TPFIT quantitatively, the bubble aspect ratio was evaluated and compared with the experimental results in Fig. 12 . From this figure, it was concluded that the amount of change of predicted bubble aspect ratio almost agreed with measured results quantitatively in amplitude and average value. Furthermore, the change of the aspect ratio is occurring on the same frequency as the cycle of oscillation table. Furthermore, the analysis result by TPFIT is shown.
Conclusions
Visualization experiment to evaluate how liquid and bubble behavior responses and fluctuates when test section is oscillated by the oscillating table is conducted.  To measure the liquid velocity field, the method of PIV measurement in the case of liquid single phase and bubbly flow is developed. And the calculation method of bubble behavior is also developed with image processing.  In the bubbly flow, periodical bubble deformation is quantitatively indicated. A cellular velocity shows the value which hung the filter on the velocity obtained from the experiment, and its velocity, and carried out function approximation to them. 
Measured Predicted
The direction of movement of the bubble

From the measurement of liquid velocity field around bubbles, different velocity fields around bubble in each phase time are measured.  TPFIT result showed an experimental result and good coincidence. 
